(TiO 2 ) x (Ta 2 O 5 ) 1-x (x is up to 0.45) films deposited by a remote plasma atomic layer deposition (ALD) are reported in this work. The growth rates of the ALD films measured by ellipsometer are in a range of 0.8 -1.06 Å/cycle at a deposition temperature of 300 o C, depending on Ti/(Ti+Ta) ratio. In order to evaluate the high-k materials of Ti-doped Ta 2 O 5 films, EDX and AES were used for determining the composition of the films. The thickness and optical properties of the films were measured by a spectral ellipsometer and CV-measurement was applied for testing the electrical property of the film. Furthermore, the effects of thermal annealing and in-situ O 2 -oxidation on thickness, refractive index and electrical property of (TiO 2 ) x (Ta 2 O 5 ) 1-x films are also discussed.PACS: 82.47.Tp
Introduction
Driven by the shrinking of microelectronic devices there is a strong demand for novel ultra high-k dielectrics (UHK) and electrode materials. When a new functionality on a chip can be created by simply adding a few process modules quantity of TiO 2 . It is a general agreement that the dielectric permittivity of Ta 2 O 5 is 20-25. However, the mechanism of enhanced the dielectric permittivity of the TiO 2 doped Ta 2 O 5 played as an UHK material, are not understood clearly. In general, the appearance of high-temperature phase (H-Ta 2 O 5 ) has been observed [1] . It seemed that the enhanced dielectric permittivity might be associated with the appearance of H-Ta 2 O 5 . There are two ways to form a high-temperature phase and stabilise it to room temperature: Rapid Thermal Processing (RTP) in a high temperature/energy and adding small quantities of additives such as TiO 2 . [1, 6] However, the low-temperature phase of Ta 2 O 5 (L-Ta 2 O 5 ) transforms to the high-temperature phase (H-Ta 2 O 5 ) at about 1360 C, while it undergoes several phase transitions on cooling from high temperature [7] [8] [9] . Thus, it is difficult for conventional furnace sintering to achieve an appropriate H-Ta 2 O 5 phase at room temperature. Therefore the approach of adding small quantities of additives into Ta 2 O 5 is a common way to enhance its dielectric permittivity.
There are many techniques to have been used for deposition of these UHK films. Gan and co-authors reported that the dielectric constant of (TiO 2 ) x -(Ta 2 O 5 ) 1-x thin films prepared using radio-frequency magnetron sputtering deposition appears to critically depend on the amount of TiO 2 incorporated into the film and post-anneal condition.
The highest value of dielectric constant is about 55 for a TiO 2 content of 8% and annealing at 800 °C [10] . Kaliwoh the maximum values of dielectric constant of (TiO 2 ) x -(Ta 2 O 5 ) 1-x thin films, deposited by UV-photon enhanced CVD,
were also recorded at TiO 2 content of 8% [11] . The low-temperatures, (<500°C) metallorganic chemical vapor deposition (MOCVD) process has been studied for producing the UHK thin films for DRAM applications [12, 13] .
However, no conformal deposition over the entire surface area of such an extreme geometry in terms of the chemical composition as well as the thickness has been confirmed used above mentioned approaches even for low temperature MOCVD processes. [2, 12, 13] Recently, atomic layer deposition (ALD) technology is widely used for both of materials researches and coating extreme geometries of devices, due to its self-limiting growth model, composition accurately controlling and conformal deposition even for high aspect ratio [14, 15] . ALD is able to meet the both needs for atomic layer control and conformal deposition using sequential, self-limiting surface reactions. However, there is little publication on ALD TiTaO x to be found, to the best of our knowledge. In this paper, (TiO 2 ) x (Ta 2 O 5 ) 1-x films growth by O 2 -plasma ALD at temperatures as low as 300°C were carried out. In particular, the effects of Ti/Ta ratio on film deposition characteristics such as the growth rate, refractive index, bond gap and dielectric constant are reported. Furthermore, the effect of thermal anneal and in-situ O 2 -oxidation of the as-deposited films on thickness, refractive index and electrical property of (TiO 2 ) x (Ta 2 O 5 ) 1-x films are also discussed.
Experimental
An Oxford Instruments FlexAL® ALD reactor, which can performance both of remote plasma ALD and thermal ALD capabilities within a single system, was used for this work. Figure 1 shows schematic of the FlexAL ® reactor.
The process of (TiO 2 ) x (Ta 2 O 5 ) 1-x (x is up to 0.45) films carried out by the remote O 2 -plasma ALD at 300 o C, using t-butylimido tris(dimethylamido) tantalum (TBTMET) and titanium isopropoxide (TIIP) as Ta and Ti source, respectively. TTIP and TBTMET were vaporized at 45°C and 55°C, respectively, using the normal bubbling method with 200sccm of Ar gas flow as the carrier and purge gases. A laminate structure of (TiO 2 ) x (Ta 2 O 5 ) 1-x was deposited that includes both sub-loops for TiO 2 and Ta 2 O 5 ALD growth, the sub-loop numbers depend on Ti/(Ti+Ta) ratio.
ALD chamber pressure was varied from 15 to 80 millitorr during the process steps. Not only the wafer holder stage was heated but also the chamber wall and delivery line were heated to a temperature of 150°C and 70°C, respectively, to prevent the precursor condensation and make the sample surface temperature the same. The remote O 2 plasma was generated by a radio frequency (rf) induction-type plasma generator (ICP). The plasma power was 300 W.
The thickness and the refractive index of the ALD films were measured using a J.A. Woollam M2000V spectroscopic ellipsometer (370nm-1000nm wavelengths). An ex situ phase modulated spectroscopy ellipsometer 
Results and discussion

ALD films growth
In-situ oxidation and Thermal annealing
To investigate the effect of annealing on material properties, TiO 2 doped Ta 2) Thermal annealing Both in-situ oxidation and thermal annealing processes can increase the density (reducing thickness), and refractive index of the films. In-situ O 2 -plasma oxidation is comparable with thermal annealing, but it needs only very short time and within the deposition step. (1) During the simulation, the films thickness and the dispersion coefficients were fitted through 2 (goodness of fit [16] ) minimization process. And at last, the film thickness and the pseduodielectric functions < = 1 +i 2 > were extracted based on the best fit between the experimental SE data and the simulated spectra.
Optical properties by spectroscopic ellipsometry
In order to discuss the optical properties, the absorption coefficients ( ) were calculated using =4 / , where was the wavelength of a photon and was the corresponding extinction coefficient extracted based on SE fitting results. Figure 7 gives the results of the absorption coefficients of the TiTaOy films with different Ti-incorporation content.
Since ALD (TiO 2 ) x (Ta 2 O 5 ) 1-x system has an indirect fundamental gap, the interband absorption can be expressed by the following equation [17] :
2 g E h h (2) Where E g is optical band gap energy. By plotting the ( h ) 1/2 vs photon energy (h ) curves near the band edge for all the samples (shown in figure 8 ), E g values are estimated. It is expected that absorption coefficients ( ) decreases with adding doped TiO 2 into Ta 2 O 5 due to TiO 2 with band-gap of 3.03 eV for rutile and 3.18 for anatase. [18] , the increased E g value is due to the increased stoichiometric in oxide films because of the oxidization of sub-oxidized TiTaO y in air ambient at high temperature. Table 2 shows a summary of electrical and physical properties of (TiO 2 ) x (Ta 2 O 5 ) 1-x layers by plasma-ALD.
Electrical properties
The sample name starting with "A" means as-deposited films and with "P" means the samples are treated by in-situ oxidation at 300 o C or thermal annealing at a temperature of 700 o C. From the data in the table we can find it is very clear:
(1) Both in-situ oxidation or thermal annealing can increase film density (reduce film thickness) and refractive index of of (TiO 2 ) x (Ta 2 O 5 ) 1-x films.
(2) Both treatments of the films can increase the film capacitance and dielectric constant. (4) The highest dielectric constant measured of 27 at 1MHZ (39 at 100HZ) in these ALD TiTaOy films does not improve them too much, which shows the laminate structure by ALD is not good enough for the integration of both Ti and Ta composites.
As well known, most of the as-deposited ALD oxides are amorphous. It understood that dielectric permittivity of crystalline is higher than that of amorphous structure. 
